ABSTRACT: Congenital abnormalities and impaired development in childhood are attributable to fetal exposure to antiepileptic drugs (AEDs). Pregnancy registries set up to obtain information about the potential risks of fetal exposure to AEDs, in particular major congenital malformations (MCMs), suggest that valproate exposure increases the frequency of congenital malformations more than other AEDs.
M
ost women with epilepsy have healthy children. However, hospital-or community-based studies and data collected in pregnancy registries suggest an association between an increase in birth defects and developmental disorders affecting cognitive functioning and behavior in later childhood and AEDs used during pregnancy (1) (2) (3) (4) . There are obvious safety concerns when birth defects seem more likely with exposure to certain types of AEDs and are increased with higher drug dose and polytherapy. Furthermore, poorly controlled epilepsy during pregnancy may carry risks for complications and adverse obstetric outcome (5) . Therefore, the potential risk of AED teratogenesis must be balanced against those of seizures to the mother and baby for the duration of gestation. AEDs commonly considered for monotherapy are carbamazepine, valproate, phenobarbitone, and phenytoin. New AEDs introduced in the United Kingdom include vigabatrin, lamotrigine, gabapentin, topiramate, tiagabine, oxcarbazepine, levetiracetam, and pregabalin (1) .
The UK Epilepsy and Pregnancy Register, established in 1996, defined an MCM as an abnormality of an essential embryonic nature present at birth or in the first 6 wk of life (1) .
The common MCMs associated with AEDs include cardiac defects, orofacial clefts, urological defects, defects of the gastrointestinal tract, skeletal abnormalities, and neural tube defects. The MCM rate among children of women with epilepsy was 4%. The reasons why these infants had MCMs with exposure to AEDs while the remaining 96% were unaffected are not clearly understood. However, there is increasing evidence that the placenta has the capability to protect the fetus from drugs and xenobiotics in the maternal circulation (6) . Therefore, there may be a relationship between the protective function of the placenta and the susceptibility to birth defects in some fetuses.
Within the placenta, there are mechanisms that can influence the transfer of drugs and xenobiotics from the maternal to the fetal circulation and that may have a role in influencing drug effects on the fetus. The rate at which a drug crosses the placenta from maternal to fetal circulation depends on its physicochemical properties and the activity of transporters and drug-metabolizing enzymes expressed on the microvillous (MVM maternal facing) and basal (BM fetal facing) plasma membranes of the transporting epithelium of the placenta, the syncytiotrophoblast (7) (8) (9) . The placenta expresses a range of transporters capable of drug transport, including MDR1, P-gp (7, 8) , MRP1 and MRP2 (7, 8) , and BCRP (10) . These proteins are capable of transporting a wide range of structurally unrelated compounds out of cells in which they are expressed.
A hypothesis that links a reduced level of expression of these placental transporters and AEDs prescribed during pregnancy with birth defects and neurodevelopmental impairments in later childhood opens potential avenues for research. In this review, we consider, in sequence, the studies on pregnancy outcome in epileptic women, including those from pregnancy registries relating prenatal AED exposure to the risks of MCMs and follow-up studies that suggest impaired development in later childhood. Furthermore we discuss the role of the placenta in drug transfer and its potential to protect the fetus. Understanding the mechanisms of drug transfer by the placenta could provide clues as to why some infants of epileptic mothers are vulnerable to AED exposure in utero, whereas most are protected from congenital malformations, cognitive impairment, and additional educational needs (1, 11, 12) .
PREGNANCY OUTCOME IN EPILEPTIC WOMEN

Fetal Losses
Fetal losses tend to vary between studies; in the UK Epilepsy and Pregnancy Register they occurred in 5.7% of 3607 women with epilepsy (1), whereas the EURAP Study Group (13) reported one stillbirth (0.05%) in 1950 pregnancies. In normal populations, fetal death and stillbirth rates are 0.5% and 0.42%, respectively. These rates were not significantly increased with maternal epilepsy in prospective studies in the United States (14) or Finland (5). However, a multicenter study in the United Kingdom and the United States reported that fetal death rates among women prescribed carbamazepine, lamotrigine, phenytoin, and valproate were 3.6%, 0%, 3.6%, and 2.9%, respectively (4).
Congenital Malformations
Fetal anticonvulsant syndrome (FACS) has been described with all the AEDs, including MCMs, minor congenital anomalies, microcephaly, cognitive impairment, intrauterine growth restriction, and infant mortality (15) . In the UK Pregnancy and Birth Register, the MCM rate among women with epilepsy who did not require AEDs was 3.5%. With monotherapy, the MCM rate was 3.7%, and with polytherapy, it was 6.0% (1) . The MCM rate of 6.2% after monotherapy exposure to valproate was higher than that for carbamazepine (2.2%) and lamotrigine (3.2%). There was a positive dose response for lamotrigine, with an MCM rate of 5.4% when the total daily dose exceeded 200 mg/d. Although this was similar to the MCM rate of 5.1% in women receiving Յ1000 mg/d of valproate, the MCM rate rose to 9.1% with higher doses of valproate. In small numbers of women who had monotherapy with phenytoin, gabapentin, topiramate, or levetiracetam, the MCM rates were 3.7%, 3.2%, 7.0%, and 0%, respectively. Higher MCM rates reported after exposure to carbamazepine, lamotrigine, and valproate as part of a polytherapy combination were 4.1%, 4.8%, and 9.0%, respectively.
In Table 1 , the MCM rates from the UK Epilepsy and Pregnancy Register and those from the United States, Europe, Australia, and Japan collectively provide support for a pattern of risk of MCMs with exposure to AEDs. First, AED polytherapy consistently confers a higher risk of MCM than does monotherapy. Second, although MCM rates varied between studies for carbamazepine, phenytoin, and phenobarbitone, there were no consistent differences, whereas valproate increased the risk of MCMs in most studies. Third, among women with a history of epilepsy who did not require AEDs, MCM rates in some studies may be similar to those in the general population. The frequency of MCMs associated with valproate was two to three times higher than that with carbamazepine in three registries: the Swedish registry (16), the UK registry (1), and the Finnish registry (17) . Additional evidence to support an increased frequency of MCMs with valproate comes from the American registry (18) , the Australian registry (19) , and the International Lamotrigine Pregnancy Registry (20) without an obvious systematic bias that could have increased the frequency of MCMs with valproate monotherapy or polytherapy. Nevertheless, the possibility that carbamazepine or valproate might have been used to treat different types of epilepsy raises questions about whether the epilepsies treated or their interaction with AEDs might influence the frequency of MCMs. The findings in the UK registry that higher doses of valproate can increase MCM rates were consistent with those in other studies (17, (21) (22) (23) and add support for the adverse effects of valproate.
New AEDs. Preclinical studies with new AEDs in animals suggest that they carry a risk of congenital abnormalities (24) . Clinical experience with the new AEDs during pregnancy is limited, except possibly with lamotrigine (1, 20) (Table 1 ). In the International Lamotrigine Pregnancy Registry, the risk of all major birth defects with lamotrigine monotherapy was 2.9% (20) . Exposure to lamotrigine polytherapy including valproate increased the MCM rates to 12.5%, and with polytherapy excluding valproate, the MCM rate was 2.7%. In larger numbers of women recruited for the UK Epilepsy and Pregnancy Registry with lamotrigine monotherapy, the risk of MCMs was slightly higher at 3.2% (1) . A trend for the MCM rate to increase with maternal dose (1.3% at Ͻ100 mg/d; 1.9% at 100 -200 mg/d; and 5.4% at Ͼ200 mg/d) may imply a cause-and-effect association (20) . However, this interpretation should be treated cautiously as there may be other risk factors for MCMs with higher doses including a greater severity of epilepsy.
Types of MCMs. Some MCMs are well recognized after exposure to certain AEDs. Carbamazepine and valproate exposure were associated with spina bifida and cleft lip and palate, microcephaly with phenytoin, and hypoplastic nails with phenytoin and carbamazepine. Cardiac malformations occur with exposure to any of these AEDs (3). Data on the frequency of these types of MCMs linked to fetal exposure to specific AEDs in large groups of women with epilepsy through the use of a surveillance system of infants are limited and less clear with the new drugs due to small numbers of women receiving treatment. Table 2 shows the types of MCMs after fetal exposure to AEDs in the UK Epilepsy and Pregnancy Register (1) and in other studies.
Dysmorphic features. Minor variations from normal appearance including wide-set eyes, epicanthic folds, dysplastic ears, broad nasal bridge, thin upper lip, abnormal philtrum, and distal phalangeal or nail hypoplasia can be subtle in infancy and become less apparent in older children. Similar findings among infants of women with epilepsy who did not receive AEDs raised the possibility that these anomalies were due to genetic abnormalities that caused maternal epilepsy (25) . However, in a group of children aged 6 mo to 6 y exposed to valproate during pregnancy, the features commonly recognized by an expert panel of dysmorphologists were medial deficiency of the eyebrows, infraorbital grooves, broad nasal bridge, anteverted nose, abnormal philtrum, and a thin upper lip. The commonly recognized features with carbamazepine exposure were full cheeks with a small chin and everted lower lip, giving a "doll-like" appearance (26). 
Effects on Development in Later Childhood
Fetal exposure to AEDs at different stages of gestation may result in a variety of developmental, cognitive, and behavioral effects in later childhood (3) . Children of epileptic women who did not take drugs during pregnancy have fewer cognitive problems than matched controls (27) . Valproate was identified as a drug carrying potential risks for developmental delay and cognitive impairment more than other AEDs (12,28 -30) . Using the Wechsler Intelligence Test for Children (WISC III), children exposed to valproate in utero had a reduction in verbal IQ (VIQ) but not in performance (nonverbal) IQ (PIQ) or full scale IQ (FSIQ) ( Table 3 ) (12) . Valproate exposure had a dose-related effect with a lower VIQ among children exposed to Ͼ800 mg/d during pregnancy than those exposed to Ͻ800 mg/d. More valproate-exposed children had additional educational needs, including speech therapy compared with those exposed to other AEDs or no AEDs. Similar effects were not observed among children exposed to carbamazepine (29) . However, it may be that, as a group, women who used valproate during pregnancy were different from those who used carbamazepine or no AEDs as they had less education and a lower IQ (30) ( Table 3 ). These observations thus raise a possibility that the cognitive differences in children exposed to valproate were partly inherited.
ROLE OF PLACENTAL DRUG TRANSPORTING PROTEINS IN FACS
MultiDrug Resistant Epilepsy
Evidence that MDRPs (multidrug resistance proteins) can efflux AEDs to a functionally significant extent comes from studies of multidrug-resistant epilepsy (31, 32) . In about one third of cases, epilepsy is resistant to drug treatment and many patients who are resistant do not become seizure free with any of a broad range of AEDs. This is analogous to the MDR observed in cancer and suggests a common, nonspecific mechanism. MDR transporters at the blood-brain barrier are increasingly being recognized for their ability to modulate the absorption, distribution, and elimination of drugs. Tishler et al. (33) first described the overexpression of MDR1 in brain specimens removed from patients with intractable epilepsy, showing mRNA levels Ͼ10 times that in normal brain. Other studies have since reported overexpression of a range of MDR transporters in the endothelial cells that constitute the bloodbrain barrier and astrocytes in drug-resistant epileptic brain tissue. These transporters include MRP1, 2, and 5 and BCRP (34) .
Studies on the AED specificities of these proteins provide further evidence that these proteins can efflux these drugs to a physiologically and clinically significant extent. Marchi et al. (35) showed that efflux of phenytoin from astrocytes isolated from epileptic tissue is greater than that from control astrocytes and that this difference is abolished in the presence of MDR1 inhibitors. Potschka et al. (36) , using in vivo microdialysis showed that inhibition of MDR1 and/or MRP1 increases the concentration of phenobarbital, lamotrigine, felbamate, phenytoin, and carbamazepine in the extracellular fluid of the cerebral cortex in the rat. This group has also demonstrated that brain levels of phenytoin in MRP2-deficient mice are significantly higher than in control animals (37) .
Therefore, localized to the apical membrane of brain capillary endothelial cells, MDRPs transport AEDs toward the blood compartment, thereby limiting their penetration into and retention within the brain, hence moderating effectiveness and contributing to drug resistance. In the context of FACS, differences in expression of these proteins at the maternal-fetal interface i.e. the placenta may be significant in determining fetal susceptibility.
Placental MDRPs
MDR1, ABCB1. MDR1 P-gp is a member of the adenosine triphosphate (ATP) binding cassette (ABC) superfamily of transporters. This protein uses the energy from ATP hydrolysis to actively efflux a wide range of drugs and naturally occurring xenobiotics from cells in which it is expressed. Its ability to efflux a huge range of anticancer agents leads to the cross-resistance patterns seen in MDR; however, its substrate profile extends well beyond anticancer agents and it has now been established that this protein can efflux drugs from many different classes including anticonvulsants, human immunodeficiency virus protease inhibitors, antibiotics, Ca 2ϩ channel blockers, cardiac glycosides, and immunosuppressants. 123 FACS: DOES FETAL GENOTYPE AFFECT OUTCOME P-gp is expressed in normal tissues particularly at the sites of absorption (gut) and excretion (kidney and liver) and on blood tissue barriers (brain, testes, and placenta). Its vectorial transport capacity, together with this pattern of expression, has led to the hypothesis that this protein has evolved to protect organisms from naturally occurring xenobiotics. It is now well recognized that P-gp affects the absorption, distribution, and elimination of many therapeutic drugs.
In line with the hypothesis that P-gp fulfills a protective role, there has recently been much interest in placental P-gp expression and function in terms of protecting the fetus from drugs and xenobiotics. It is now well established that P-gp is expressed by the placental syncytiotrophoblast throughout gestation (38) and that at term it is localized to the microvillous maternal facing plasma membrane (Figs. 1A and 2) (8, 39 ). An early study by Nakamura et al. (40) established functional activity in the placenta by demonstrating P-gpmediated uptake of vincristine into syncytiotrophoblast membrane vesicles. This activity has since been confirmed using a range of placental models including choriocarcinoma cells (39) and cell monolayers (41), placental fragments (7), microvillous membrane vesicles (42) , and dually perfused human placental lobules (43) .
The contribution that P-gp makes to the barrier function of the placenta is best illustrated in mice naturally deficient in P-gp and in P-gp knockout mice. Studies in these animals have shown that, in the absence of placental P-gp, fetal concentrations of substrate drugs are much higher than in control animals (44) . Furthermore, treatment of heterozygous females with an isomer of avermectin, a known teratogenic substrate of P-gp, results in 100% cleft palate in fetuses deficient in P-gp (Ϫ/Ϫ), whereas the heterozygotes (ϩ/Ϫ) are less susceptible and those expressing abundant P-gp (ϩ/ϩ) are protected from the effects of avermectin at the doses studied (45) . Thus, P-gp has the capacity to protect the fetus from the harmful effects of drugs in the maternal circulation, and although there are no direct studies on AEDs, because several have been shown to be good substrates for P-gp, it is likely that fetal concentrations will be influenced by levels of P-gp expression in the placenta.
MRP1 and 2, ABCC1 and 2. The first member of the MRP family, MRP1, was cloned from an MDR lung cancer cell line (H69AR), which did not show increased expression of P-gp (46) . Subsequently, a further eight or nine MRP genes have been identified. Of these, however, MRP1 and 2 remain the best characterized and have been demonstrated to play a significant role in protecting an organism from drugs, xenoand endobiotics.
There is considerable overlap in the spectrum of drugs to which MRP1 and 2 confer resistance, and this also overlaps with P-gp. However, unlike P-gp, MRP1 and 2 have been shown to efflux drugs such as vincristine and daunorubicin through a cotransport mechanism with reduced glutathione. Furthermore, these proteins have been shown to efflux glutathione, glucuronide, and sulfate conjugates of both xeno-and endobiotics.
MRP1 is expressed in most tissues throughout the body with relatively high levels found at the blood-brain barrier, blood-testes barrier, placenta, lungs, kidneys, skeletal muscle, spleen, and mononuclear cells and relatively low levels in the liver (47) . In most tissues, MRP1 is localized to the basolateral cell membrane. In the placenta, MRP1 is expressed throughout gestation showing a fourfold increase between first trimester and term (48) . Localized predominantly to the fetal blood vessel endothelial cells (Fig. 1B) , it has been proposed to limit entry of xenobiotics such as AEDs into the fetal circulation, 124 while allowing excretion of conjugated waste products into the maternal circulation (8) . MRP1 is also found on the basal surface of the syncytiotrophoblast, where it is suggested to prevent the accumulation of xenobiotics in the syncytiotrophoblast itself (39) .
MRP2 has a more restricted tissue distribution than MRP1 and is found in the liver, kidney, small intestine, colon, gallbladder, lung, and placenta. It is consistently localized to the apical membrane. Within the placenta, MRP2 expression has been shown to increase with gestational age (49) . At term, high levels of MRP2 expression have been reported on the microvillous membrane (8) and have been proposed to protect the fetus from glutathione, glucuronide, and sulfate conjugates of many drug metabolites, xenobiotics, and endogenous toxins such as bilirubin. Its importance in blood tissue barriers has been demonstrated in knockout mice, which show increased chemosensitivity (50) .
BCRP, ABCG2. BCRP was first described in an atypically MDR breast cancer cell line (MCF7), which did not overexpress MDR1 or MRP1 (51) . BCRP is expressed in a variety of tissues including the liver, intestine, blood-brain barrier, and placenta. In polarized cells, it localizes to the apical membrane (52) . BCRP confers resistance to a wide variety of drugs and xenobiotics and shows a considerable overlap in substrate specificity with MDR1 and MRP1 and 2. Once again, a protective role has been clearly demonstrated for BCRP in knockout mice. These animals are viable, healthy, and fertile; however, as with MDR1 knockouts, they show an increased sensitivity to pharmacological agents and xenobiotics. For instance, BCRP knockout mice develop severe phototoxic lesions on light-exposed skin due to cellular accumulation of the chlorophyll breakdown product pheophorbide (53) . Similarly, excretion of the dietary carcinogen 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) is reduced by 75% in BCRP knockout mice (54) .
In the placenta, BCRP is highly expressed throughout gestation, with a 10-fold higher expression at term than that of MDR1 (55) . In isolated trophoblast cells, BCRP expression has been shown to increase with differentiation (56) . BCRP is primarily localized to the MVM of the syncytiotrophoblast, with some expression observed in the fetal vessels (Fig. 1C ) (55) . A protective role for BCRP has been confirmed in mice in which topotecan and the BCRP inhibitor GF120918 were administered to pregnant females. Several hours after administration, the level of topotecan in fetal plasma was 3.2-fold higher in fetuses pretreated with GF120918 versus controls (57) .
There is therefore abundant evidence that these MDRPs play an important role in fetal protection from drugs and xenobiotics present in maternal plasma. Any factor that reduces functional expression of these proteins in the placenta would therefore increase fetal exposure and result in increased susceptibility to adverse effects resulting from exposure to such compounds.
Polymorphisms
Naturally occurring genetic variations causing differences in expression of transport proteins are likely to be an important source for the interindividual variability in pharmacokinetics and pharmacodynamics of many drugs. Recently, single nucleotide polymorphisms (SNPs) in the MDR transporters have received significant attention as potential determinants of variability in drug absorption, distribution, excretion, and thus efficacy of substrate drugs. With respect to FACS, the effects that polymorphisms have on placental expression of these transporters will undoubtedly contribute to fetal susceptibility.
MDR1. The first systematic screen of MDR1 by Hoffmeyer et al. (58) identified 15 SNPs of which one, a synonymous mutation in exon 26 (C3435T), was associated with a twofold decrease in protein expression in individuals homozygous for the T allele. This SNP has become the most commonly studied, and many contradictory effects of the T allele have been reported (59) . The C3435T SNP occurs in a noncoding, nonregulatory region of the MDR1 gene; therefore, the mechanism by which it influences P-gp expression is obscure. A discussion of potential mechanisms is presented by Schwab et al. (60) and includes linkage of the C3435T SNP to other SNPs in the MDR1 gene and effects on RNA stability and splicing. Several studies have shown linkage disequilibrium between the C3435T SNP and other SNPs in the MDR1 gene. These include a synonymous SNP in exon 12 (C1236T) and a nonsynonymous SNP in exon 21 (G2677T/A). As a result of these associations, several groups have performed haplotype analysis: Kroetz et al. (61) (63) provided evidence that the 3435C allele results in higher levels of mRNA as a result of increasing RNA stability, suggesting that this is one mechanism by which the silent C3435T polymorphism could have its effect. The number of SNPs reported in the MDR1 gene continues to increase, and a useful summary is provided by Lepper et al. (59) .
With respect to AEDs, there have been several reports in recent years that suggest that polymorphisms in MDR1 may influence plasma levels of AEDs and correlate with multidrugresistant epilepsy. Kerb et al. (64) report that the CC genotype at position 3435 is more common in individuals with low phenytoin levels, whereas Siddiqui et al. (65) report that patients with drug-resistant epilepsy are more likely to have the CC genotype at position 3435 than the TT genotype. More recently, Seo et al. (66) report that the frequency of the T-T-T haplotype at C1236T, G2677T/A, and C3435T was significantly higher in drug-resistant compared with drug-responsive Japanese patients.
Only two studies to date have looked at the effect of polymorphisms on placental P-gp expression. Tanabe et al. (67) report reduced expression of MDR1 in individuals expressing the G2677(A,T) and /or T-129C alleles, whereas Hitzel et al. (68) report reduced expression of placental P-gp in individuals homozygous for the 3435T and 2677T alleles.
MRPS. (70) . In contrast, the G1299T SNP in exon10 results in an Arg-Ser substitution, which in turn results in decreased transport of several organic anions but increased doxorubicin resistance (71) . The G128C SNP in exon 2 results in a Cys-Ser substitution, which gives poor localization of the protein, resulting in decreased resistance to sodium arsenite and vincristine (72) . Thus, none of the SNPs reported to date result in a complete loss of expression or function of the protein but rather moderate its substrate affinity.
Mutations in the MRP2 gene have been identified in patients with Dubin-Johnson syndrome, which is characterized by a mild conjugated hyperbilirubinemia. In these patients, loss of MRP2 function results in decreased excretion of these conjugates (50) .To date, only one study observed the effect of MRP2 SNPs on placental protein expression. Meyer zu Schwabedissen et al. (49) demonstrated that the G1249A polymorphism resulted in a significant decrease in placental MRP2 mRNA expression in preterm placentas. This lower level of MRP2 expression in early-gestation placentas could result in greater exposure to drugs such as the AEDs at a time when the fetus is more susceptible to teratogenesis and could potentially therefore be involved in the MCMs sometimes observed with AED exposure.
BCRP. To date, more than 40 coding SNPs have been reported in the BCRP gene and Lepper et al. (59) provide a comprehensive list of the 43 most common. Of these, the C421A variant in exon 5 results in decreased BCRP expression (73) and also reduced ATPase activity of the mutant protein (74) . G34A in exon 2 results in poor localization of the protein and a resultant decrease in efflux activity (75) and a third less common SNP, the C376T polymorphism in exon 4 substitutes a stop codon for Gln at position126, resulting in no BCRP expression. Only one study of placental BCRP polymorphisms has been reported to date (76) , and it demonstrated significantly lower BCRP expression in individuals homozygous for the A421 allele compared with C421.
CONCLUSION
Fetal genotype with respect to these multidrug-resistance transporters will undoubtedly be important in determining fetal susceptibility to AEDs and any other drug or xenobiotic present in maternal plasma. The mechanisms determining interindividual variations in expression of these proteins are worthy of extensive investigation because identification of susceptible genotypes would add a further dimension to the counseling, which has been recommended for all epileptic women of child-bearing age.
